For a variety of laser interferometric experiments, the thermal noise of high-reflectivity multilayer dielectric coatings limits the measurement sensitivity. Recently, monolithic high-reflection waveguide mirrors with nanostructured surfaces have been proposed to reduce the thermal noise in interferometric measurements. Drawbacks of this approach are a highly complicated fabrication process and the high susceptibility of the nanostructured surfaces to damage and pollution. Here, we propose and demonstrate a novel quasi-monolithic resonant surface reflector that also avoids the thick dielectric stack of conventional mirrors but has a flat and robust surface. Our reflector is an encapsulated subwavelength grating that is based on silicon. We measured a high reflectivity of 93 % for a wavelength of λ = 1.55 μm under normal incidence. Perfect reflectivities are possible in theory.
Introduction
During the past decades high-precision interferometric experiments were pushed towards an ultimate sensitivity regime where quantum effects are starting to play a decisive role. In these ongoing and future experiments, such as laser cooling of mechanical oscillators [1] , optical traps for mirrors [2] , generation of entangled test masses [3] , quantum non-demolition interferometry [4] , gravitational wave detection [5, 6, 7] , and frequency stabilization of lasers with rigid cavities [8] , light and matter act as an opto-mechanical system. The surface of the (high quality) mechanical oscillator has to be a light/matter interface with outstanding high reflectivity and high mechanical quality factor to reduce the influence of thermal noise [9] . Monocrystalline materials such as quartz or silicon are used to reach high mechanical quality factors; multilayer dielectric coatings are commonly used to provide high optical quality. The most commonly used materials for these coatings are SiO 2 and Ta 2 O 5 . Reflectivities of dielectric multilayer coatings of up to 99.9998 % have been demonstrated [10] . However, recent theoretical and experimental research revealed that multilayer coatings result in a significant reduction of mechanical quality factors. This effect is mainly caused by internal friction of the alternately coated layers [6, 7, 9] . Thus, the so-called 'coating thermal noise' has become a major noise source in opto-mechanical systems.
A promising approach being pursued to design alternative mirror architectures with reduced (C) 2009 OSA 21 December 2009 / Vol. 17, No. 26 / OPTICS EXPRESS 24335 thermal noise is based on surface relief guided-mode resonant waveguide gratings [11, 12, 13] . They comprise only a single but periodically corrugated high refractive index layer on top of a low refractive index substrate. Recently it was experimentally shown that a periodic corrugation etched into the surface of a substrate did not reduce the substrate's quality factor, which was of the order 10 8 [14] . Although these resonant grating structures were initially intended to act as narrowband filtering or switching devices [12, 15] , they can also be advanced to broadband reflectors by means of particular parameter design [16, 17, 18] . However, for the fabrication of such devices still one layer of a material other than the substrate is involved which potentially decreases the high mechanical quality of the substrate material. Thus, a coating-free (i.e. monolithic) mirror concept is of enormous interest. Previous published approaches [19, 20] are based on total internal reflection which is connected with additional optical paths inside a substrate giving rise to absorption and increased thermo-refractive noise resulting from a temperature dependent index of refraction. Very recently, we proposed to advance the waveguide grating configuration to a monolithic surface mirror that solely consists of a single silicon crystal [21] . However, the highly complicated grating profile implies a challenging fabrication process as well as severe restrictions in the device handling.
Here, we propose and demonstrate a quasi-monolithic mirror architecture that is formed by an encapsulated subwavelength grating. Such a device also creates a resonant waveguide structure, but with a flat and robust surface. This configuration offers new benefits for the handling and the fabrication process. Once fabricated the device is protected against mechanical damage and also against contamination, since its surface can be cleaned in the same manner as a conventional polished surface. This approach for a monolithic mirror has, to the best of our knowledge, never been suggested before. We present a design that is based on rigorous simulations and a first demonstrator fabricated from silicon. Our measurement results revealed a promising high reflectivity of 93 % for normal incidence at the design wavelength of λ = 1550 nm.
Guided-mode resonant waveguide gratings
For resonant waveguide grating structures, high reflectivity is being facilitated by resonant light coupling instead of multiple interference in case of dielectric multilayer coatings. Here, a low refractive index substrate carries a single waveguide (high refractive index) layer that is periodically nanostructured. The fundamental principle of waveguide grating structures is illustrated in Fig. 1 (a) and can be described by a simple ray picture [13] . In order to allow for resonant reflection under normal incidence, the corrugation period need to fulfill the following parameter inequality (which can be derived from the well-known grating equation):
where d is the grating period, λ is the light's vacuum wavelength, and n H and n L are the higher and lower refractive indices, respectively. In this simplified ray picture, the first diffraction orders (-1T, +1T) in the high-index layer experience total internal reflection (at the interface to the low-index substrate) and, thus, excite resonant waveguide modes propagating along the corrugated high-index layer. A part of the light inside the waveguide is coupled out via the grating to both, the transmitted and reflected zeroth order (0R, 0T). If the grating period d, the groove depth g, the grating fill factor f (ratio between ridge width r and grating period d), and the high-index layer thickness s with respect to the refractive index values of the involved materials are designed properly, all transmitted light can be prompted to interfere destructively, corresponding to a theoretical 100 % reflectance. Depending on whether the coupling efficiency to the waveguide modes within the high-index layer is low or high, the reflector shows a narrow or a broad spectral reflectance, respectively [13] . By means of particular grating parameter design and providing a high refractive index contrast between both involved materials, the coupling efficiency can be increased, whereby the spectral response is significantly broadened. Figure 1 (b) shows a configuration of a resonant reflector for a high refractive index material such as silicon (n = 3.48 at the wavelength of 1550 nm). In this situation, a low refractive index layer beneath the waveguide grating is indispensable [17] . This cladding layer needs to have a certain minimum thickness in order to prevent evanescent transmission of higher diffraction orders to the substrate. The waveguide grating in Fig. 1(b) can be changed to a flat surface configuration by simply moving the top grating region beneath the waveguide layer as shown in Fig. 1(c) . Here, the resonant waveguide modes are excited by reflected higher diffraction orders as indicated by the light rays.
Monolithic implementation
Similar to the approach in Ref.
[21], Fig. 1 can be understood as a stepwise transition from the initial surface corrugated resonant waveguide mirror (a) to, finally, our flat surface encapsulated grating waveguide mirror. In Fig. 1(d) we propose to replace the homogeneous low-index layer in (c) by an effective low-index layer (which has an effective index n eff < n H ) thereby enabling a truly monolithic configuration of a resonant reflector with a flat, uncorrugated surface. This effective low-index grating layer needs to exhibit the same period as the grating in Fig. 1(c (1) that allow for resonant reflection in principle. Since it is supposed to generate higher diffraction orders (in reflection), the realization of the introduced grating as an effective medium is not obvious [22] . Only if the grating fill factor is sufficiently low, no higher diffraction orders are allowed to propagate to the substrate material as required, according to Ineq. (1) . We note that the electromagnetic field inside this encapsulated periodic structure can be expressed by discrete grating modes [23] . These modes correspond to the diffraction orders within a conventional resonant waveguide grating. Similar to the higher diffraction orders within a conventional waveguide layer, the resonant excitation of these modes can result in a destructive interference of all light transmitted to the effective layer. Thus, the monolithic encapsulated grating, as depicted in Fig. 1(d) , can be optimized to create 100 % reflectivity.
Encapsulated grating design considerations
The design parameters of our encapsulated grating reflector were optimized for a broad resonance behavior and for large fabrication tolerances using a Rigorous-Coupled-Wave Analysis (RCWA) [24] . In case of a very low fill factor of the encapsulated grating, the effective index approaches n eff → 1. According to Ineq. (1), the grating period d has to be greater than 443 nm and smaller than 1550 nm since we are interested in a high reflectivity of laser light with the wavelength of λ = 1550 nm impinging under normal incidence. We chose a grating period of d = 800 nm being well within this regime and TE-polarized light (electric field oscillating parallel to the grating ridges). Figure 2(a) shows the calculated reflectivity of the encapsulated grating reflector versus the thickness of the top waveguide layer s ranging from 300 nm to 390 nm for fixed values of the fill factor ( f = 0.4) and the groove depth (g = 2 μm). The plot reveals a reflectivity of greater than 95 % in the range of 327 nm < s < 347 nm and a value of close to unity (> 99.99 %) for a thickness of s = 337 nm. Since the coupling efficiency to the waveguide modes by reflected higher diffraction orders is pretty weak, the tolerance of the top high-index layer thickness s is rather low.
In order to optimize the fabrication tolerances of the encapsulated grating for the design thickness of s = 337 nm, fill factor and groove depth were varied ranging from 0 < f < 0.6 and 0 < g < 2 μm, respectively. The plotted reflectivity in Fig. 2(c) reveals a wide range of high reflectivity with values > 95 % as indicated by the dashed line. Values even exceeding 99.99 % are within the white area. This plot clearly supports the theoretical considerations of the preceding paragraphs. For a fill factor smaller then about 0.5, a minimal groove depth can be found which is required in order to prevent evanescent transmission of higher grating modes to the substrate. If the fill factor is approaching 0.1 the excitation of waveguide modes is too weak to allow for a high resonant reflection.
The optimum encapsulated grating parameter values arising from our rigorous calculations are, at a glance:
(2) 
Fabrication process
For the realization of our encapsulated grating, first a conventional surface relief grating was fabricated which was then covered by a homogeneous layer of a certain thickness (superstrate). The superstrate can either be realized by applying wafer direct bonding techniques [25] or by a controlled material deposition without filling the grating grooves [26] . For our device we used the latter approach. A standard silicon wafer with 100 mm in diameter was first coated with a 80 nm chromium layer, serving as the mask during the silicon etching process. After spin-coating an electron beam sensitive (chemically amplified) resist on top, the 800 nm period grating was defined by means of electron beam lithography for an area of (7.5 x 50) mm 2 , aiming at a grating fill factor of 0.4. The developed binary resist profile was then transferred into the chromium layer and subsequently into the silicon bulk substrate by utilizing an anisotropic (i.e. binary) ICP (Inductively-Coupled-Plasma) dry etching process. Here, the etching time was adjusted to match the desired groove depth of about 1300 nm. The surface relief grating was then entirely covered by the use of Plasma-Ion-Assisted Deposition (PIAD) under an oblique and fixed angle of about 70 • to minimize groove filling. Since the periodic profile is transferred to the coated surface, a final CMP (Chemical-Mechanical-Polishing) step was utilized to planarize the surface and to adjust the homogeneous waveguide layer thickness s. the fabricated and characterized grating profile. Due to the coating process it strongly deviates from the rectangular design structure, however, the high tolerances of our design parameters f and g may still ensure a high reflectivity as demonstrated in the next section. We note that the fabrication technique used here only provides a quasi-monolithic grating as the cover layer has an amorphous structure, see Fig. 3(a) . However, in contrast to conventional waveguide gratings our device consists of only one material which suggests a significantly inceased mechanical quality factor [14] .
Experimental characterization
The spectral reflectivity under normal incidence (0 ± 1) • was measured using a fiber-coupled tunable diode laser with a spectral range of 1.51 μm < λ < 1.64 μm. After the polarized and collimated beam was reflected by the grating, it was deflected onto a photo detector by a beam splitter. As a reference for the measured intensity we used a multilayer dielectric mirror rated at R = 1 for the available spectral range. The measured data is shown in Fig. 3 (b) (black curve) and reveals a reflectivity of higher than 80 % for a broad spectral range from 1.52 μm to 1.61 μm. The difference between the measured and the simulated data (red curve) is not surprising since the actual fabricated profile also shows substantial differences from the designed profile. Nevertheless, the measured peak reflectivity is located closely to the design wavelength of 1.55 μm with a value of about 93 %, where a measurement error of ± 0.5 % needs to be taken into account. The discrepancy between simulated and measured peak reflectivity of about 7 % is, most likely, mainly attributed to a deviation of the top waveguide layer thickness from its optimum value s = 337 nm. From the SEM image in Fig. 3(a) , a thickness of 300 nm was estimated. Variations in all the design parameter values might also contribute here. We expect that a major part of the missing 7 % is transmitted through the device. However, this could not be verified since the rear side of the wafer was unpolished. The parameter variations result from inhomogeneities within the various steps of fabrication and need to be further improved by means of technology evaluation.
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Conclusion
Our rigorous modeling has shown that a monolithic flat surface mirror with perfect reflectivity is theoretically possible. Such a reflector comprises an encapsulated subwavelength grating with a flat polished surface and, thus, overcomes the limitations of an earlier approach in Ref. [21] in terms of mechanical stability and device handling. Based on the current understanding of the underlying mechanism of coating thermal noise, such a device should be able to increase the sensitivity in ongoing and future high-precision laser interferometric measurements. We were able to fabricate a first demonstrator of our reflector that consists of a nanostructured crystalline silicon wafer of 100 mm in diameter covered by an amorphous and polished silicon top layer. Our demonstrator showed a high reflectivity of 93 % at the design wavelength of 1550 nm, and represents the first experimental demonstration of a robust, large-area high-reflectivity quasimonolithic surface. We expect that improvements towards a perfect reflectivity are possible with improved electron beam lithography and other fabrication steps involved. Moreover, we propose to use a wafer direct bonding technique to contact a crystalline top layer (superstrate) onto a crystalline nanostructured substrate, thereby realizing a truly monolithic flat surface reflector.
